IMPORTANCE Pediatric cancers represent a unique case with respect to cancer genomics and precision medicine, as the mutation frequency is low, and targeted therapies are less available. Consequently, it is unknown whether clinical sequencing can be of benefit.
I n many diseases, molecularly targeted therapies have improved outcomes and decreased treatment-related toxic effects. In oncology, examples such as ERBB2-positive breast cancer 1 and EGFR-mutant lung cancer 2 have led to excitement about the promise of precision cancer medicine. These and other similar treatment advances typically occurred after years of investigation during which (1) a genomic alteration was identified in a reasonable proportion of patients with a particular diagnosis; (2) the alteration was validated to be a central oncogenic event; (3) the activity of targeted therapy was studied in preclinical models and then in early-phase trials; and (4) clinical trials demonstrated activity of the targeted agent only in cancer subtypes with specific molecular alterations. The essential nature of most pathogenic variants has, therefore, been established only in the context of specific disease subsets. Nevertheless, some oncologists have adopted a precision medicine approach for their patients with recurrent or refractory cancers based on the premise that receipt of matched targeted therapy will have superior clinical activity, regardless of diagnosis or patient characteristics. The implementation of precision cancer medicine in pediatric oncology faces unique challenges. The total number of nucleotide variants per tumor is much smaller for pediatric than for adult cancers. 3 In addition, unmet needs in medical oncology drive the current developmental therapeutics environment such that the availability, formulation, and accessibility of drugs for children may be limited. In general, pediatric cancer is comparatively rare, and most patients are cured with standard therapies, necessitating multicenter collaboration to obtain meaningful cohorts for study. Finally, regulations governing research in children make it difficult to obtain biopsy samples for research purposes.
To evaluate the feasibility of a precision cancer medicine approach in pediatric extracranial solid tumors, we conducted a multicenter molecular profiling cohort study in children with advanced solid tumors (NCT01853345) (see trial protocol in Supplement 1). We sought to determine whether, in the pediatric setting, it is feasible to identify actionable alterations and make an individualized cancer therapy, or iCat, recommendation using currently available clinical genomic technologies.
Methods

Patients
Patients were eligible if they were 30 years or younger at enrollment and had a recurrent, refractory, or high-risk extracranial solid tumor. Refractory was defined as progression during receipt of standard first-line therapy, and high risk was defined as overall survival for a patient group with the same diagnosis, grade, and stage estimated to be no more than 25%. Patients needed to have sufficient tumor specimen for submission, in the judgment of the enrolling investigator. The institutional review board at each participating site approved the research protocol, and all participants and/or their parent or legal guardian provided written informed consent. 
Sample Collection and Tumor Profiling
Expert Panel Review and Return of Results
Profiling results were reviewed by a multidisciplinary expert panel with the goal of identifying clinically significant results.
Key Points
Question Is it feasible to identify actionable alterations in pediatric extracranial solid tumors and to make an individualized therapeutic recommendation using currently available clinical genomic technologies?
Findings Tumor profiling from archival paraffin-embedded specimens from clinically indicated procedures resulted in 89 of 100 enrolled patients with adequate somatic DNA for tumor profiling to be performed. Among enrolled children, 31% had an actionable alteration indicating potential activity of a matched targeted therapy.
Meaning In children with high-risk, recurrent, or refractory extracranial solid tumors, there is the potential for tumor sequencing to have clinical implications, but there are barriers to receipt of matched targeted therapy.
In reviewing results, the term actionable alteration was used for a genomic change indicating the potential for activity of a targeted therapy. The term targeted therapy was used in reference to a drug with a specific, limited, and known mechanism of action counteracting an oncogenic process. An iCat recommendation was made if an actionable alteration was present and a matched targeted therapy was available via a clinical trial or as an FDA-approved drug with an age-appropriate dose and formulation, and the patient had not previously been treated with the proposed targeted agent or a biosimilar. More than 1 recommendation could be made per patient. Each recommendation was tiered from 1 (strongest) to 5 (weakest) based on strength of supporting evidence. Tiers 1 and 2 corresponded to evidence from clinical studies, tiers 3 and 4 to preclinical evidence, and tier 5 to consensus opinion (eTable 2 in Supplement 2). If more than 1 iCat recommendation was made, the expert panel made no attempt to rank recommendations; each actionable alteration was evaluated and tiered independently. In some cases, immunohistochemical analysis was performed for validation of genetic findings. Variants of unknown significance (VUS) were evaluated for potential pathologic significance using functional prediction models such as PolyPhen 6 or the Sorting
Tolerant From Intolerant algorithm (SIFT) 7 and/or the medical literature. The expert panel also reviewed identified variants for clinical implications outside the iCat recommendation. In particular, variants suggesting a change in diagnosis or the possible presence of a cancer predisposition syndrome (if also found in the germline) were discussed. After expert panel review and panel consensus was reached, the lead reviewer for the case authored a letter to the patient's primary oncologist (iCat letter). The iCat letter reported the specimen(s) tested, technical performance of profiling tests, and results with clinical implications for diagnosis or that indicated the possible presence of a cancer predisposition syndrome. If the patient had recurrent or refractory disease, the iCat letter also reported the iCat recommendation with tier.
Clinical Data Collection
Clinical and demographic data were collected at the time of patient enrollment and included age, diagnosis, and disease status (newly diagnosed, or refractory or recurrent). If the iCat letter included an iCat recommendation, the primary oncologist was surveyed regarding vital status and initiation of treatment according to the iCat recommendation. In addition, data were collected from the electronic medical record on clinical response to therapy based on iCat recommendations and molecular diagnostic testing performed outside the context of this study.
Statistical Design
Feasibility was defined prior to the study opening as an ability to make an iCat recommendation in 14% of enrolled patients based on published technical failure rates and reported alteration frequencies available at the time of study design. 8 A Simon 2-stage design was used to evaluate for early futility. In stage 1, 60 eligible participants were enrolled; if fewer than 6 participants received an iCat recommendation, then accrual would be halted and the approach considered infeasible. If 6 or more received an iCat recommendation, then accrual continued to stage 2, with an additional 40 eligible participants for a total of 100 patients. If at least 14 of 100 participants received an iCat recommendation, then the approach would be considered feasible. This design has a type 1 error of 6.3% and 92% power to test the null hypothesis that the proportion of patients who received an iCat recommendation was 9% or less vs the alternative that it was 19% or more. The rate of accrual was predicted to be 4.2 patients per month, or 100 patients in 2 years. The 95% CIs were constructed on the proportions using the customary normal approximation interval formula.
Exploratory Sequencing
Cases with sufficient tumor specimen remaining after submission for tumor profiling were evaluated for inclusion in exploratory sequencing studies. Cases were submitted for RNA sequencing if sufficient fresh-frozen tumor specimen was available. RNA sequencing data were analyzed using PRADA. 9 The list of fusions identified by RNA sequencing was reviewed and fusions with potential clinical significance were validated by targeted NGS in a CLIA-certified laboratory. Table 1 . Thirty-one enrolled patients had specimen submitted only from diagnosis and 40 only from recurrence. Eighteen patients had paired specimens from both diagnosis and recurrence. The remaining 11 patients had specimens from local control surgical procedures submitted, 6 of whom had an additional sample submitted from either diagnosis or recurrence.
Results
Patients and Specimens
Tumor Profiling and iCat Recommendations
In 5 patients, the required samples were submitted but were determined to be inadequate by central review. In 6 other patients, all profiling tests attempted were technical failures. A total of 89 enrolled patients had at least 1 successfully completed profiling test. Of the 89 patients with technically successful tumor profiling tests, 13 patients had OncoMap as their only mutation detection test, 27 had both OncoMap and aCGH, 25 had OncoPanel and aCGH, and the remaining 24 had OncoPanel only. The 6 technical failures for all attempted profiling tests were due to inability to isolate adequate DNA. In 3 cases (in 2 cases of Ewing sarcoma and 1 case of osteosarcoma) this was likely due to prior decalcification that was not recognized at the time of tissue sample submission. In most cases, aCGH was not possible due to insufficient tissue sample.
The expert panel rendered an iCat recommendation in 31 patients (31% [95% CI, 23%-41%]), exceeding the 14 patients required to conclude feasibility. There were a total of 39 iCat recommendations in these 31 patients (3 recommendations [n = 1]; 2 recommendations [n = 6]; and 1 recommendation [n = 24]). Using the highest tier per patient (see eTable 2 in Supplement 2 for tier definitions), 1 patient had a tier 1 recommendation, 2 had tier 2 recommendations, and the majority had tier 3 or 4 recommendations. None of the following factors made it more likely to receive an iCat recommendation: age, type of testing (OncoMap, OncoPanel, or aCGH), or month of enrollment.
The most common actionable alteration leading to an iCat recommendation was a copy number alteration, followed by known or suspected deleterious mutations ( Table 2 and eWorksheets 1-3 in Supplement 3). Most copy number alterations resulting in an iCat recommendation were related to alterations of MYC/MYCN or cell cycle-related genes. MYCN high copy number gain occurred in neuroblastoma, and MYC high copy number gain occurred in osteosarcoma and undifferentiated sarcoma. Ten known or suspected deleterious mutations were detected in 8 genes (Figure) . In most patients tested with OncoPanel, results included VUS. The expert panel made an iCat recommendation on the basis of a VUS in only 6 instances. In these 6 instances, PolyPhen 6 or SIFT 7 and/or the medical literature indicated that the variant was likely pathogenic and in 2 cases, the variant would have qualified the patient for a clinical trial.
Receipt of iCat Recommended Therapy
Three patients, Nos. 4, 18, and 81, received a targeted therapy matched to the iCat recommendation. Patient 4, a child with refractory, unresectable sialoblastoma with a p.C382R FGFR2 mutation identified in the diagnostic specimen, had a tier 4 iCat recommendation and received off-label pazopanib hydrochloride. Patient 18, a child with embryonal rhabdomyosarcoma with a p.E454K PIK3CA mutation identified in 1 diagnostic and 2 recurrent specimens, had a tier 3 iCat recommendation and received rent neuroblastoma with a p.R1275Q ALK mutation and MYCN high copy number gain identified in a recurrent specimen, had a tier 1 iCat recommendation and received crizotinib monotherapy. None of these patients had an objective response. The primary oncologists of all 31 patients who received an iCat recommendation were surveyed regarding whether treatment according to an iCat recommendation was delivered and if not, why not. Among the 19 responses, reasons for not delivering iCat recommended therapy included disease too advanced or patient is deceased (n = 3 [16%]); no active disease, disease well controlled with use of other therapy, or attempting third-line therapy first (n = 8 [42%]); and clinical status not appropriate for iCat therapy with reason not specified (n = 4 [21%]). Four of the responses (21%) indicated that iCat recommended therapy could not be obtained because a trial was not available or the patient did not meet trial eligibility. The lack of a suitable clinical trial occurred in these 4 patients who received an iCat recommendation despite the fact that the expert panel made an iCat recommendation only if they were of the opinion that matched targeted therapy was available via a clinical trial or as a US Food and Drug Administration (FDA)-approved drug with an age-appropriate dose and formulation.
Additional Profiling Results With Potential Clinical Impact
Six patients had an actionable alteration but there was no matching targeted therapy available via a clinical trial or as an FDA-approved therapy with an age-appropriate dose and formulation (eTable 5 in Supplement 2) and so an iCat recommendation was not made.
Eleven of 89 patients had alterations identified by testing the tumor specimen that, if present in the germline, would indicate the possibility of a cancer predisposition syndrome (eTable 6 in Supplement 2). These results were returned to the primary oncologist with a suggestion for referral to a genetic counselor.
Profiling identified translocations with diagnostic implications in 3 patients ( Table 3) . Patient 20 had a diagnosis of Ewing sarcoma, but RNA sequencing of the diagnostic specimen, confirmed with targeted NGS of the diagnostic specimen, demonstrated an EWSR1-CREB1 fusion, raising the possibility of primary pulmonary myxoid sarcoma, 10 a diagnosis that would better fit this patient's clinical presentation. Patient 64 had a diagnosis of stage III malignant melanoma, but RNA sequencing of the first recurrence, confirmed with targeted NGS of the fourth recurrence, revealed an EWSR1-ATF1 fusion previously reported in cutaneous clear-cell sarcoma.
11
In a third patient, patient 80, a novel translocation between exon 2 of EML4 (NM_019063.3) and exon 13 of NTRK3 (NM_001012338.1) was suggested by aCGH of the diagnostic specimen and confirmed with reverse transcription polymerase chain reaction from the same specimen. Therefore, 12 additional unique patients had molecular profiling results of potential clinical significance independent of the 31 patients with iCat recommendations. Thus, a total of 43 patients had results with potential clinical significance.
Discussion
Results of the iCat study demonstrate that clinical tumor profiling to identify actionable alterations in pediatric solid tumors and make an individualized cancer therapy recommendation is feasible in the context of a multi-institution research protocol. We found potentially actionable alterations in 43% of high-risk, relapsed, or refractory pediatric solid tumors, a prevalence that may justify incorporating return of results into future genomics research projects in pediatric solid tumors. The actionable alterations identified in this study highlight the drug classes in which there is a high priority to develop earlyphase clinical trials with integrated genomic characterization for children with recurrent or refractory solid tumors (Table 4) , an important study outcome given the limited number of these children available to enroll in early-phase clinical trials, and the large number of novel targeted therapies not yet studied in children. The specific genomic variants identified and the frequencies of actionable alterations are generally similar to those reported in prior studies characterizing the genomic landscapes of pediatric solid tumors. [12] [13] [14] [15] [16] Most sequencing studies of pediatric cancers are underpowered to detect mutations occurring in less than 5% to 10% of cases, 17 and many rare pediatric solid tumors have not been sequenced. Therefore, it is not surprising that some actionable alterations seen in this cohort have not previously been reported to occur in the diagnoses in which we observed them. Barriers to the administration of matched targeted therapy in this patient population were identified. Only 3 of the 31 patients who had an iCat recommendation received matched tar- geted therapy. In our survey of patients' treating oncologists, lack of an available clinical trial or inability to enroll in a clinical trial were among the reasons provided for not prescribing therapy matched to the iCat recommendation. These results emphasize the need for more clinical trials of targeted therapies in pediatric patients with cancer. A number of primary oncologists treating patients who received an iCat recommendation cited the patient's clinical status (either disease too advanced or well controlled) as a reason for not administering matched targeted therapy. This may have been both because we focused on profiling patients who often had advanced cancers and also because follow-up data were collected for a relatively short period of time, and thus some patients' cancers had not yet progressed. This result suggests that profiling tumors earlier in the disease course may increase the number of patients treated with matched targeted therapy. The identification of translocations with diagnostic implications in this study also supports profiling early in the disease course when clarification of diagnosis may lead to a change in therapeutic approach.
Several questions remain to be answered before clinical tumor profiling is incorporated into routine care of children with recurrent or refractory and high-risk solid tumors. Our study did not assess which tumor profiling assays optimally balance the competing factors of minimal tissue requirement, comprehensive genomic assessment, and rapid reporting. The rapid pace of technology development, a challenge to ongoing consistency, complicates this task. This issue of evolving technology presented itself even in the context of this relatively short pilot study and is a limitation of our study. Although we report outcome data of 3 patients who received targeted therapy matched to an iCat recommendation, this study was not designed primarily to assess the impact of receipt of matched targeted therapy on outcome. Additional limitations of this study include the small patient numbers; exclusion of patients with central nervous system tumors, who make up a substantial proportion of pediatric patients with cancer with recurrent disease; and the inability to obtain profiling results in 11 of the 100 subjects due to lack of available tissue or technical failure. Continuing to perform genomic tumor profiling as part of a research protocol will enable assessment of these remaining questions through large multi-institution studies. Additional benefits of prospective clinical genomic studies in pediatric cancers include discovery of rare recurrent variants and clarity regarding the drug classes to be prioritized for clinical trials.
Conclusions
In children with high-risk, recurrent, or refractory solid tumors, there is the potential for tumor profiling results to have clinical implications but there are barriers to receipt of matched targeted therapy. Continuing to perform tumor profiling in the context of clinical genomics research protocols permits further investigation of barriers to receipt of matched targeted therapy and assessment of the clinical impact of a precision cancer medicine approach and makes additional sequencing data from pediatric solid tumors available to the research community. 
